The prolonged. Under the conditions of our experiments, mutants that lacked other repair candidates--Suf proteins, glutathione, and NADPH:ferredoxin reductase--all repaired clusters at normal rates. We conclude that the mechanism of cluster repair is distinct from that of de novo assembly, and that this is true because mild oxidative stress does not degrade clusters in vivo to the point of presenting an apoenzyme to the de novo cluster-assembly systems.
Introduction
Proteins employ iron-sulfur clusters for a variety of purposes. While clusters were first recognized for their participation in electron-transfer reactions, they also serve as catalytic Lewis acids in a family of dehydratases (1) (2) (3) . In enzymes such as serine dehydratase, fumarase, and aconitase, the [4Fe-4S] clusters ligand the leaving hydroxyl group of the dehydration substrate.
To bind substrate, these clusters must be situated in the protein so that they are exposed to solvent.
A consequence is that the clusters are vulnerable to oxidation by any small univalent oxidants that can penetrate into the active site (4) . Oxidation converts the cluster to a metastable form that rapidly degrades: (1) Ox The iron atom that is lost is essential for catalysis, and so the oxidized enzymes are inactive. Indeed, mutants of E. coli and Saccharomyces cerevisiae that lack superoxide dismutases struggle to grow in aerobic media (5-7) because superoxide rapidly oxidizes these dehydratases, thereby disabling the biosynthetic and catabolic pathways to which they belong (8) (9) (10) (11) . Hydrogen peroxide and peroxynitrite are also physiological oxidants which inactivate these enzymes (4, 12, 13) .
The rate constant for inactivation by superoxide is so high (ca. 10 6 -10 7 M -1 s -1 ) that it is likely that even wild-type cells contain enough superoxide to continually damage these enzymes. Their half-life has been estimated to be 40 min in aerobic E. coli (14) . In response, bacterial cells have acquired the 5 When mammalian IRP-1 (a cytosolic aconitase) was overproduced and then oxidized in yeast, some [3Fe-4S] 1+ form was detected (29) . It is difficult to see how the Isc scaffold-based insertion system could operate upon oxidized enzymes if the enzymes retain any form of cluster in the active site. This has raised the possibility that enzyme repair is catalyzed instead by a system distinct from Isc. E. coli expresses an iscS homologue, sufS, as part of the sufABCDSE operon (30) . The cysteine desulfurase activity of SufS has been confirmed (31, 32) . In an otherwise wild-type background, mutants that lack the suf genes do not exhibit an overt phenotype and have wild-type levels of cluster-enzyme activity.
However, isc suf double mutants of E. coli are inviable, indicating that suf provides the residual clusterassembly activity that is observed in the absence of isc (33, 34) . The fact that suf products evidently are minor catalysts of cluster assembly has provided impetus to the possibility that their normal physiological role may be to repair oxidized enzymes. In fact, the suf genes are induced in response to hydrogen peroxide exposure (35).
The goal of this work was to determine whether the machinery that catalyzes the de novo assembly of iron-sulfur clusters is also responsible for their repair after oxidation. To do so we compared the requirements for the Isc and Suf gene products in each of these processes.
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Wanner method (37) . The pairs of primers that were used to amplify the chloramphenicol cassette from a pDT3 plasmid are indicated in Table 2 . Mutant genes were routinely moved to other backgrounds using P1 transduction. Selected recombinants and transductants were confirmed to have an insertion-deletion mutation by PCR analysis. Strain OD320 was made by transducing the srl-300::Tn10 insertion (38) into JTG10 (gshA:: kan) (39) and selecting for tetracycline resistance. The srl-300::Tn10 and gshA::kan alleles were then cotransduced into OD311, selecting for tetracycline resistance and screening biochemically for deficiency of glutathione. Strain OD330 was made by transducing the sodA::cm insertion into c-6008 (40) .
The sodA::cm and fpr::kan alleles were then cotransduced into OD310 (sodB::kan), with selection for chloramphenicol resistance. The disruption of fpr gene was confirmed by PCR.
The fumA gene was overexpressed from its own promoter on plasmids pGS57 or pGS97, which are derived from pBR322. These plasmids were transformed into JH400, which lacks chromosomal copies of fumA, fumB, and fumC. For the purpose of complementation, the fdx and hscA genes were expressed from pTrc99 plasmids without IPTG. Manganese-containing superoxide dismutase, encoded by sodA, was expressed from its own promoter on pBR322.
EPR analysis of H 2 O 2 -treated cells.
Cells were grown aerobically in 500 ml of LB medium (36) containing 1 mM IPTG. After approximately three hours of incubation (OD 600 between 0.2 and 0.5), cells were centrifuged and resuspended in 1% the original culture volume in 10% cold glycerol. A 250-ul aliquot was loaded into a quartz EPR tube as an untreated control and immediately frozen on dry ice. To the remainder of the suspension H 2 O 2 was added to final concentration of 4 mM, and a 250-ul aliquot was frozen in an EPR tube. Aliquots (50 microliters) for enzymatic assays were simultaneously removed and frozen. To end the H 2 O 2 exposure, catalase was added to the cell suspension (200 U/ml final concentration). Aliquots were removed and frozen at subsequent timepoints.
EPR spectra were recorded using a Varian E-122 X-band spectrometer. Equipment settings were Enzymatic assays. Cultures for assays of enzymatic activities were grown to 0.4-0.7 OD 600 in media that would ensure consistent, substantial synthesis of the relevant enzymes. In all cases except that of fumarase, the media were chosen to minimize a dependence on Fe-S enzymes for energy production.
NADH dehydrogenase I (Ndh1) and succinate dehydrogenase (SDH) were assayed by using inverted membrane vesicles prepared from cells grown in minimal A salts supplemented with 1% casein hydrolysate, 0.5% yeast extract, and 0.5% NaCl (pH 7). For aconitase assays cells were grown in LB medium; for 6-phosphogluconate dehydratase assays, in minimal A salts that containing 0.2% gluconate and 0.2% casein hydrolysate; for glutamate synthase, in minimal A salts containing 0.2% glucose; and for fumarase and isocitrate dehydrogenase, in minimal A salts containing 40 mM fumarate. All assays but of that of succinate dehydrogenase were performed at room temperature.
Because NdhI is unstable at high pH, vesicles for assay of this enzyme were prepared by sonication in 50 mM MES, pH 6. NdhI activity was measured by the oxidation of deaminoNADH (41), which is not a substrate for NdhII. When not purchased from Sigma, deaminoNADH was prepared by the enzymatic reduction of deaminoNAD + using the protocol for NADH preparation (42) . Succinate/quinone oxidoreductase activity was determined by plumbagin-dependent cytochrome c reduction (43) . The assay was performed at 37 o C in order to fully activate the enzyme. Because anaerobiosis and high protein concentration are essential for maintenance of the full activity of aconitase, cell extracts were prepared by sonication in cold anaerobic 50 mM Tris·HCl, pH 7.8, at 1% the original culture volume, in the anaerobic chamber. The final protein concentration of the extract was approximately 30 mg/ml, which is sufficient to prevent the spontaneous demetallation of AcnB (13) . Aliquots were immediately diluted into 100 mM isocitrate in the Tris buffer and sealed inside air-tight cuvettes, and activity was quantified by the appearance of cis-aconitate (44) . Since a minority of aconitase activity in cell extracts derives from the stable isozyme aconitase A, this latter activity was determined by the inactivation of aconitase B by treatment with 1 mM EDTA for 1 h before assay; the residual activity was then subtracted from the total aconitase activity to yield the activity of aconitase B. Total fumarase activity was assayed by the 9 conversion of 50 mM malate to fumarate. To distinguish the oxidatively labile fumarase A isozyme from the stable fumarase C, fumarase A was inactivated by exposure of the extract to superoxide formed by xanthine oxidase for 15 min at room temperature before re-assay (14) . The residual activity was due to fumarase C. The activity of 6-phosphogluconate dehydratase was assayed by the two-step procedure for the determination of pyruvate (45 Oxidative stress by peroxynitrite. Peroxynitrite (HONOO) was synthesized by a procedure (12) modified from the original method of Beckman (50); it was stored as a 10-30 mM solution in KOH at -80 C until use. A 500-ml bacterial culture was grown to OD 600 0.2 aerobically in a 0.2% gluconate minimal A medium that was supplemented with 0.2% casamino acids. Cells were then centrifuged and resuspended in 100 ml of 37 o C minimal A salts. A 5-10 ml aliquot was removed as an unchallenged control, and the remainder was challenged by the addition of peroxynitrite to a final concentration of 100 µM.
Immediately after challenge, spectinomycin, gluconate, and casamino acids were added. Cells were allowed to incubate at 37 o C in a shaking water bath, and aliquots were removed at intervals for assay of enzymatic activity. Each aliquot was immediately centrifuged for 15 s and lysed by sonication. The lysate was briefly centrifuged to remove debris, and the supernatant was placed on dry ice and stored for later assay.
Oxidative stress by superoxide and hydrogen peroxide. To impose superoxide stress, cultures (300 ml) of SOD-deficient strains were grown anaerobically in minimal A medium containing gluconate and casamino acids to an OD 600 of 0.5. A 50-ml aliquot was harvested and frozen at dry ice so that the initial Fe-S activities could be determined. The remainder of the culture was centrifuged, resuspended in 50 ml of fresh aerobic medium, and shaken well in a 500 ml flask at 37 o C for 20 minutes. The medium contained 500 ug/ml spectinomycin to prevent the synthesis of new protein. A 10-ml aliquot was harvested as an oxidatively stressed sample and immediately frozen at dry ice. The remainder of the culture was moved back to the anaerobic chamber and incubated at 37 o C. At timepoints aliquots were harvested and frozen, and all samples were subsequently assayed for enzymatic activities. Notably, the impact of the isc mutations upon growth rate was especially large when cultures grew using TCA-cycle substrates such as succinate and fumarate. Catabolism of these substrates requires high flux rates through cluster-containing enzymes that belong to the TCA cycle and respiratory chain.
Isc genes are required for full activity of many Fe-S proteins. The isc gene cluster is expressed by two transcripts, one representing the iscSUA region (53) and the other including hscAB-fdx (54). To evaluate the role of these genes in cluster assembly and maintenance, we assayed the activities of diverse enzymes that contain iron-sulfur clusters. These included the soluble enzymes glutamate synthase, fumarase A, aconitase B, and 6-phosphogluconate dehydratase. The latter three enzymes are dehydratases that employ solvent-exposed Fe-S clusters as Lewis acids and are susceptible to inactivation by univalent oxidants. We also monitored the activities of NADH dehydrogenase I and succinate dehydrogenase, membrane-bound proteins that utilize occluded clusters for electron-transfer reactions. Their clusters are 12 resistant to oxidation. Figure 1A shows that insertions in the iscS, hscA, and fdx genes each diminished the activities of these Fe-S enzymes. The effect of the mutation in iscS was reported previously (16) . In that study the insertion was only partially complemented by a plasmid containing the iscSU region, perhaps because of a polar effect upon iscA expression. Indeed, an iscA insertion also caused a loss of enzyme activity, although the effect was less pronounced than that of the iscS mutation.
The fdx mutation had an impact upon enzyme activity that was very similar to that of the iscS mutation; an fdx-expressing plasmid (employing a lac promoter) fully complemented the defect (data not shown). The hscA insertion had a similar impact, and the failure of the fdx plasmid to complement (data not shown) indicated that the heat-shock cognate proteins themselves are necessary for ample activity of
Fe-S enzymes.
The mutations did not fully eliminate Fe-S assembly, which presumably explains the viability of the mutants. Other studies have suggested that the homologous Suf proteins may partially compensate for the absence of the isc genes. Deletion of the suf operon itself in the WO19 strain had no effect upon the activity of the Fe-S enzymes under these growth conditions (data not shown).
The impact of the isc mutations upon Fe-S enzyme activity varied from about two-fold, for AcnB and FumA, up to about fifty-fold, in the case of NADH dehydrogenase I. The latter enzyme contains up to eight iron-sulfur clusters (55) , and it seems likely that this is the feature that made it especially resistant to activation by the residual Fe-S assembly activity. Succinate dehydrogenase contains three Fe-S clusters (56) and also was relatively inactive, while aconitase, fumarase, and glutamate synthase have one apiece and exhibited a substantial fraction of the wild-type activity. The correlation is imperfect, however, since the activity of 6-phosphogluconate dehydratase, which contains a single [4Fe-4S] cluster, was as low as that of succinate dehydrogenase. Enzymes that did not contain Fe-S clusters, such as isocitrate dehydrogenase, were unaffected by any of the mutations.
Thus the iscS, hscA, and fdx mutations had quantitatively similar effects upon the enzymes that were assayed, consistent with the notion that these proteins may act in the assembly pathway as a single complex. In contrast, Fe-S enzyme activities were substantially higher in the iscU and iscA mutants ( Mutations in hscA and fdx do not alter expression of genes that encode cluster-requiring enzymes. We wished to ensure that the decreased enzyme activities in these mutants was due to the lack of Fe-S cluster assembly rather than to indirect effects upon gene expression. To do so we transduced the hscA mutation into nuo-lacZ and sdh-lacZ fusion strains and assayed the ß-galactosidase activity as a measure of expression of corresponding genes. The hscA mutation had no effect on expression of either gene, with B-galactosidase activities in the hscA strains falling between 85% and 110% of the values of the hscA + parents. The same result was obtained when the experiment was repeated with a fdx mutation (data not shown). Thus the very low activities of NADH dehydrogenase I and succinate dehydrogenase in hscA and fdx mutants are specifically due to a failure of cluster assembly. The result also shows that cells do not compensate for an inability to assemble Fe-S clusters by diminishing the expression of the genes that require them.
The enzymatic defects resulted from a block in de novo Fe-S cluster synthesis. Iron-sulfur clusters are synthesized both during the activation of newly synthesized apoproteins and also during the repair of damaged clusters. We wished to compare the roles of the isc genes in these two processes. Since NADH dehydrogenase I and succinate dehydrogenase activities were affected by the isc mutations, it seemed likely that de novo assembly was diminished in the isc mutants, since these enzymes are stable once formed.
Further experiments were conducted to evaluate whether the defects in aconitase, fumarase, and 6-phosphogluconate dehydratase activities were due solely to the lack of de novo assembly or whether they stemmed in part from a failure to repair these enzymes. These enzymes are sensitive to superoxide both in vitro and in vivo. Previous calculations estimated that the half-time for inactivation of these enzyme clusters by intracellular superoxide in aerobic cells is approximately forty minutes (14) . Even if the isc by guest on http://www.jbc.org/ Downloaded from genes completely blocked cluster repair, this damage rate would be too slow to account by itself for the substantial diminution in activity that was observed. Indeed, the overproduction of superoxide dismutase did not perceptibly increase the 6-phosphogluconate dehydratase activity of an hscA ( Fig. 2A) or iscS (not shown) mutant. Conversely, when paraquat, a superoxide-generating drug, was added to cultures, the impact upon Fe-S enzyme activity was the same in an iscS mutant as in the wild-type strain ( Figure 2B ). (12, 57, 58) . HOONO is stable at pH 12 but decays within seconds of dilution into the neutral pH of laboratory media (59) thus, its addition to a culture of cell provides a short bolus of intracellular oxidative stress. Immediately after exposure to 100 µM HOONO, 6-phosphogluconate dehydratase activity was reduced by 60-80%. Enzymes with stable iron-sulfur clusters--NADH dehydrogenase I and succinate dehydrogenase--did not lose any activity (data not shown). The regain of 6-phosphogluconate dehydratase activity was monitored in the presence of chloramphenicol, to ensure that the reappearance of activity was due to cluster repair rather than the synthesis of new protein.
In wild-type strains, activity was usually restored within 10 min ( Figure 3A) . Some experiment-toexperiment variation could not be eliminated; it may result from differences in the efficiency with which the small aliquot of HONOO was mixed with the bacterial cultures. We were able to monitor the repair of 15 dehydratases in the isc mutants despite the fact that their initial activities were lower than that of the wildtype strain. Figure 3 shows that the hscA, fdx, and iscS mutants were still able to repair their clusters.
Repair in the first two mutants ( Figures 3C and 3D ) occurred at rates slightly less than that of the parent strain, while repair in the iscS mutant ( Figure 3B ) appeared to be substantially slower. Unfortunately, the quantitative inconsistency of the peroxynitrite stress precluded definitive conclusions about the relative repair rates.
In order to observe cluster repair after superoxide stress, strains were generated that contained mutations in the sodA and sodB genes, which encode the two cytosolic superoxide dismutases. A shift back into anaerobiosis ended the superoxide stress, and in Isc + cells the 6-phosphogluconate dehydratase activity returned to its pre-stress levels (Fig. 4A, B) , while fumarase activity returned to about 65% of its initial activity ( Figure 4C, D ). An attempt to improve the fumarase recovery by supplementing media with iron had no effect, leading us to suspect that some of the damaged fumarase may aggregate or be degraded during the extended superoxide stress. Again, the iscS SOD -strain repaired both enzymes but did so more slowly than did its IscS + complement. Extended incubation of the iscS mutant under anaerobic conditions up to 32 minutes did not restore the enzymatic activities beyond 30% for fumarase or 50% for 6-phosphogluconate (data not shown). In contrast, the iscU, iscA, hscA, and fdx mutants repaired both enzymes better than did the iscS mutant (Fig. 4 ).
Finally, 4 mM H 2 O 2 was added to cells, and fumarase A activity was determined. Within 1 minute most enzyme activity was lost (Fig. 5) . Succinate dehydrogenase and NADH dehydrogenase I activities were unaffected (data not shown). H 2 O 2 was quickly scavenged by endogenous catalase, and most activity returned to wild-type strains within 5 min. Again, the recovery of activity occurred more 16 slowly and less completely in the iscS mutant. Thus IscS seems to be more important than HscA and Fdx for the prompt repair of damaged clusters. This result contrasts with that for de novo assembly, for which these genes made similar contributions. It seems likely, then, that repair synthesis occurs through a process distinct from de novo cluster assembly. We note that the substantial effect of the iscS mutation upon repair, and the minor effects of the hsc and fdx mutations, follows the order of their effects upon overall growth rate. Therefore it is possible that the diminished rate of repair in these mutants is an indirect consequence of poor growth.
The absence of Suf proteins, Fpr, and glutathione did not affect cluster repair . The suf operon encodes genes that compensate, albeit poorly, for the defect in cluster assembly that results from mutation of the isc genes. This observation, plus the strong induction of the suf genes as part of the OxyR response to H 2 O 2 (35), suggested the possibility that the natural role of the Suf proteins is to catalyze the repair of oxidized Fe-S clusters. However, we observed that, after exposure to either superoxide or hydrogen peroxide, suf mutants repaired clusters as rapidly as did wild-type cells (Fig. 6 ).
The ferredoxin (flavodoxin)-NADPH oxidoreductase (Fpr) of E. coli is induced during superoxide stress and is hypersensitive to paraquat (60), which raised the possibility that it provides a strong univalent electron donor for cluster repair. However, its absence affected neither the unstressed level of dehydratase activity nor the rate of repair after superoxide stress (Fig. 7A) . The absence of an effect upon enzyme activities, in contradistinction to mutations in fdx, implies that the ferredoxin that is encoded by fdx can be reduced by electron donors other than Fpr.
Finally, we found that the absence of glutathione did not affect Fe-S activity or repair. A previous study observed a slower recovery of aconitase activity after superoxide stress (61), but we discerned no effect upon either fumarase or 6-phosphogluconate dehydratase recovery. Recent work found that E. coli aconitase activity is constituted by two enzymes (62), the major one of which is exceptional among dehydratases in being sensitive to changes in iron availability (13) . Superoxide perturbs the iron pool, and it is possible that in the earlier study glutathione was involved in this aspect of aconitase recovery. (Fig. 8) . Measurements of fumarase enzymatic activity found that it initially dropped virtually to zero but largely rebounded within 5 min. Thus the disappearance of the [3Fe-4S] signal was predominantly due to enzyme repair, and the simplest model is that the enzyme did not degrade beyond the
The duration of oxidative stress affects the rate of cluster repair. Twenty minutes of aeration of a SOD -strain was enough to eliminate 80-90% of the activities of either fumarase B or 6-phosphogluconate dehydratase; longer aeration did not have much further effect (data not shown).
However, longer exposure to air did cause the Fe-S clusters to be repaired more slowly once anaerobiosis was restored (Fig. 9A) . A similar effect was observed when H 2 O 2 was the oxidant: protracted exposure to H 2 O 2 caused subsequent repair to occur more slowly (Fig. 9B) . EPR spectra revealed that longer exposure to oxidant produced smaller EPR signals, suggesting that in this situation iron-sulfur clusters might
Discussion
Roles of the isc-encoded proteins in de novo cluster biosynthesis. The inability of iscS, iscU, iscA, hscA, and fdx null mutants to fully activate enzymes that contain iron-sulfur clusters constitutes direct evidence that their gene products play critical roles in de novo cluster biosynthesis. This inference has already been drawn from the enzymatic defects exhibited by yeast point mutants in homologous genes, and from the apparent inviability of Azotobacter vinelandii null mutants (64, 65) . In contrast to these other microbes, E. coli can tolerate the null mutations, apparently because of the ability of suf gene products to partially compensate. We note that in general the Suf proteins do not complement the lack of any one Isc protein more efficiently than any other. This observation fits the hypothesis that the Isc gene products all function as parts of a catalytic complex, so that there is little opportunity for a single Suf protein to intercede in an assembly process that is otherwise catalyzed by Isc proteins. The same inference--that the Suf and Isc components are non-interchangeable--can also be drawn from the observation that each suf mutation was synthetically lethal with an iscS mutation (34).
Why is cluster assembly required for viability? Perhaps surprisingly, the answer is not yet clear. E.
coli has evolved so that forms of metabolism can proceed even in iron-poor habitats; therefore, in complex medium the iron-sulfur cluster enzymes which were examined in this study are fully dispensable. Null mutants that lacked NADH dehydrogenase I, glutamate synthase, fumarases A or B, aconitases A or B, 6-phosphogluconate dehydratase, or succinate dehydrogenase grew as quickly in LB-glucose medium as did wild-type strains (data not shown). This occurred because NADH dehydrogenase II--a metal-free enzyme--can accomodate the respiratory NADH flux, and in this medium most acetyl-CoA is directed towards acetate production rather than into the TCA cycle. A true disability appears in double mutants that lack both aconitases, apparently from the accumulation of high levels of citrate (66); however, in the isc mutants studied here the residual aconitase activity was more than sufficient to prevent such toxicity.
Therefore we cannot yet attribute the poor growth of isc mutants to a particular enzyme deficit.
Presumably the defect is due to the absence of an enzyme essential for a secondary pathway, such as ribonucleotide reductase.
Interestingly, in all the media we surveyed, the iscS mutant grew more poorly than did the hscA and fdx mutants, even though the fdx and hsc mutations had as large an effect on the activities of the enzymes that we assayed. The severity of the iscS growth phenotype must therefore reflect the involvement of IscS in processes other than cluster assembly. Alone among the isc gene products, IscS catalyzes tRNA modification and plays an essential role in thiamine biosynthesis, by transferring persulfide to recipient biosynthetic enzymes (51, 52) . As these results would suggest, IscS need not be part of a protein complex to exhibit desulfurylation activity in vitro (21).
The repair of iron-sulfur clusters occurs by a pathway distinct from de novo cluster assembly. This study tested the hypothesis that cluster repair might be absolutely dependent upon either the Isc or the Suf protein complexes. But this was not the case. While all isc genes are important for de novo cluster assembly, only the iscS mutant exhibited a substantial defect in the repair process. The prevailing model of de novo cluster biosynthesis posits that the cluster is assembled using IscU as a scaffold, and that the fully formed cluster is then transferred to the apoprotein [reviewed in (65) ]. This process would be a poor fit to the repair of oxidized clusters, which decay not to an apoprotein but to a [3Fe-4S] 1+ form that has a substantial lifetime in vivo. Indeed, oxidized clusters can be quickly reactivated in cell extracts by the addition of iron and reducing agent (67) .We anticipate that the repair process in vivo will be similarly simple. In contrast, the iron/DTT protocol cannot easily reactivate apoenzyme that accumulates in isc mutants or that is generated in vitro (16).
The facility with which dissolved iron re-metallates oxidized clusters in vitro raises the possibility that cluster repair is a spontaneous, undirected process in vivo. This idea is difficult to appraise. It seems probable that ferrous iron is trafficked through the cell as a chelate, bound either to a metabolite or a protein chaperone, in order to minimize adventitious adherence to membranes, nucleic acids, and charged protein surfaces. However, since the identity of the putative chelate is unknown, it is not yet possible to test whether the rate at which it remetallates damaged clusters might be sufficient to support the repair rates that we have observed. This idea is broadly supported, though, by the ability of dapD mutations to suppress SOD mutant phenotypes of E. coli. These mutants accumulate high levels of dipicolinatechelated iron, and these chelates evidently repair clusters quickly enough to minimize the inactivation of dehydratases (68).
It is notable that when cluster-containing enzymes are inactivated by oxidation, they are maintained in vivo in an inactive form rather than degraded. In this study SOD mutants rapidly lost dehydratase activities when they were moved into air, but their initial activities were fully recovered when they were returned to anaerobic conditions even forty minutes later (Fig. 10) . Thus oxidatively stressed cells are poised to regain enzyme functions as soon as the stress is relieved. This behavior may benefit wild-type E. coli when it encounters redox-cycling antibiotics, which are excreted by some microbial competitors.
Similarly, obligate anaerobes must endure a similar degree of stress on those occasions of sporadic oxygen exposure. Their ability to restore catabolic activities without new protein synthesis (69) is likely to be of great utility in those circumstances.
The minimal process for cluster repair would entail its univalent reduction and then metallation with ferrous iron:
It seems likely that these steps would occur in that order because of the instability of the [4Fe-4S] 3+
intermediate that would appear were they steps reversed. We had anticipated that NADPH:ferredoxin/flavodoxin oxidoreductase might deliver the electron in reaction 1, since fpr is induced during periods of superoxide stress and fpr mutants are sensitive to redox-cycling antibiotics (40) .
However, the fact that repair occurs normally in an fpr mutant indicates that another, unidentified electron donor can suffice.
Why do iscS mutants repair slowly? There is no obvious reason for IscS to participate in the repair of a [3Fe-4S] 1+ cluster that retains its inorganic sulfur atoms. Extended oxidative stress seems to cause gradual cluster disintegration, presumably with loss of sulfur. However, the iscS mutants were also defective at the repair of clusters after a single bolus of peroxynitrite or a short period of hydrogen peroxide. Further, the single-phase repair kinetics indicated that the repair of the entire population of damaged enzymes was slow, rather than merely the repair of a subpopulation that had disintegrated beyond the [3Fe-4S] 1+ state. Several possibilities remain. One is that IscS protein participates in a repair complex that cannot operate even on [3Fe-4S] 1+ clusters if the complex is incomplete. An alternative is that the impact of iscS mutations upon cell fitness--manifested by the poor growth of the mutant--indirectly affects the repair process, perhaps by diminishing the rate of iron uptake and/or delivery.
One recent study reported that E. coli sufC mutant was unusually sensitive to growth inhibition by the redox-cycling drug phenazine methosulfate when gluconate was the primary carbon source (70) . The reasonable inference was that the suf genes might play an important role in repairing oxidized 6-phosphogluconate dehydratase. In our experiments, however, the absence of Suf proteins did not slow the rate of repair. This discrepancy likely reflects differences in the type and degree of oxidative stress. The suf operon is strongly induced when iron is limiting or when elevated H2O2 levels induce the OxyR regulon (34), a situation that likely occurred in the PMS experiments. In contrast, in our experiments we monitored the repair activity only under routine growth conditions, during which the suf operon was poorly expressed. It is attractive to speculate that suf induction may be useful during prolonged H2O2 In sum, we have found that the process of cluster repair does not require the same proteins that catalyze de novo assembly. Evidently this is true because moderate doses of oxidants do not fully degrade clusters in vivo. Enzymes that are essential for the repair process remain to be discovered. 
(Italics denotes the sequence for homologous recombination with the respective genes.) Four mM hydrogen peroxide was added to wild-type (MG1655/pGS57, stippled bars) and ∆iscS (PK4331/pGS57, white bars) strains. The standard deviation for the fumarase assay was 4%. 
